Theprs gene, encoding phosphoribosylpyrophosphate synthetase, is preceded by a leader, which is 302 bp long in Escherichia coli and 417 bp in Salmonella typhimurium. A potential open reading frame (ORF) extends across the prs promoter and into the leader. The region between the prs coding region and an upstream gene (hemA) in E. coli and S. typhimurium was cloned, sequenced and shown to encode two ORFs of unknown function. ORF 1 encodes a 23 kDa protein and ORF 2 a 31 kDa protein, as observed by denaturing PAGE of extracts of cells bearing plasmids encoding the Oms. Both ORFs are transcribed in the same direction as theprs gene with ORF 2 extending into the prs leader. Northern blot analysis showed that the prs message in E. coli was on 1.3 and 2.7 kb transcripts. The shorter transcript encoded theprs gene only, while the longer transcript also encoded the two ORFs. Thus, the prs gene is transcribed from two promoters, the first promoter (PI) originating upstream of ORF 1, and expressing the prs gene in a tricistronic operon and a second promoter (PJ, located within the ORF 2 coding frame, which transcribes the prs gene only. The transcripts encoding prs only were 20 times as abundant as the tricistronic transcripts under all conditions examined. This was the case whether cells containing plasmid-encoded or only chromosomally encoded copies of the hernA-prs region were probed for these transcripts. Derepression of the prs gene upon pyrimidine starvation was shown to be due to an increase in the amount of message originating from the promoter P,.
Introduction
The gene encoding phosphoribosylpyrophosphate (PRPP) synthetase b r s ) has been cloned and sequenced from both Escherichia coli (Hove-Jensen, 1985 ; HoveJensen et al., 1986) and Salmonella typhimurium (Bower et al., 1988) ; prs transcripts have a long 5' leader, 302 bp in E. coli (Hove-Jensen et al., 1986) and 417 bp in S. typhimurium (Bower et al., 1988) . Roles for this leader have been suggested, but no clear function has been established. It was noted previously that a potential ORF originating 5' to the prs promoter extended through the prs promoter and terminated within the leader (Bower et 
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A l a Nucleotide sequences and deduced amino acid sequences for ORFl and ORF2 from the hemA to prs segment of the E. coli and S. typhimurium chromosome. The sequence from E. coli is the top line in each case and differences only in the S. typhimurium sequences are shown below. The putative -35 and -10 sequences for P, (Verkamp & Chelm, 1989) and P, (Hove-Jensen et ul., 1986) are underlined. ORFs are designated above their initiator codons. Stop codons are boxed. Dashes denote deleted nucleotides. Both sequences were determined on both strands with complete overlaps of all cloning junctions. The nucleotide sequence determined in the Dresent work was 921 bp of the E. coli chromosome from the SulI site at nucleotide number 538 to the EcoRI site at nucleotide number obtained from aprs mutant strain (Post & Switzer, 1991) , was isolated and inserted into the polylinker of pUC18, yielding plasmid pPE4 (Fig. 2) . Since the S. typhimurium chromosomal DNA contained on plasmid pPS3 was isolated from a mutant strain, the DNA sequence from the plasmid pTE201, isolated from wild type S. typhimurium (Elliott, 1989) , was also determined on one strand from the BamHI to EcoRI sites. The sequences derived from pPS3 and from pTE201 were identical. For cloning from E. coli, a gene library was constructed in the AD69 vector (Misuzawa &Ward, 1982) . Bacterial DNA, isolated from strain H0241 (Hove-Jensen, 1985) , was digested with HindIII and ligated to HindIII digested AD69 vector DNA. Mature A particles were generated by in vitro packaging (Sternberg et al., 1977) and the resulting lysate was amplified by growth in strain H0340 (Nilsson & Hove-Jensen, 1987) . From the gene library several hemA transducing phages were isolated by complementation of the mutant hemA allele harboured in strain H0371 (Bower et al., 1989) . The DNA was isolated from one transducing A strain and shown to contain a 6.1 kb HindIII DNA fragment. This DNA fragment was subcloned in pBR322 and further into appropriate phagemid vectors. Restriction endonuclease and complementation analyses showed that the 6.1 kb HindIII DNA fragment contained the hemA, ORFl,ORF2 and a small part of theprs coding sequence.
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Nucleic acid methods. Techniques for manipulation of DNA and RNA were described previously (Davis et al., 1980; Sambrook et al., 1989; Schleif & Wensink, 1981; Silhavy et al., 1984) . DNA nucleotide sequence was determined by the dideoxy-chain termination method of Sanger et al. (1980) for double-stranded plasmid templates (pBluescript or pUC), which had been purified on Qlagen columns, or for M13 bacteriophage templates, using the Sequenase kit (US Biochemicals). Sequence data were analysed with software from DNAstar.
Northern hybridization. RNA was purified as described by Sambrook et al. (1989) . Total cellular RNA (15 pg) from E. coli JM83 (YanischPerron et al., 1985) bearing the plasmids of interest or RNA ( 5 pg) from S. ryphimurium JL1002 (Bower et a/., 1988) were used per lane and electrophoresed in 1 % (w/v) formaldehyde agarose gel. RNA was then blotted to a nylon membrane (Gene Screen or Nytran) by using a vacuum blotter (Pharmacia) and the RNA was cross-linked to the membrane using a UV cross-linker (Bio-Rad). When more than one probe was used, the lanes were run in duplicate. After cross-linking, the membrane was cut into strips, and the strips were hybridized separately with the desired probes. Prehybridization and hybridization were carried out in Seal-a-Meal bags (Sears) as described by the supplier of the membrane.
Probes against ORF1, ORF2 and prs, illustrated in Fig. 4 , were inserted into the polylinker of pTZ18R or pTZ19R. The probe for the bla gene was prepared as described by Sorenson et al. (1989) . The pTZprobe-containing plasmids were purified by CsCl gradient centrifugation, digested with the appropriate restriction enzyme to linearize the plasmid, phenol extracted, precipitated and brought up to a final concentration of 1 mg ml-l. RNA probes were made from the plasmid template as described by Promega (1991).
Methods of protein analysis. Electrophoresis of proteins on polyacrylamide gels under denaturing conditions was performed as described by Laemmli (1970) . Samples (100 pl) of overnight cultures were centrifuged in a microfuge, 20 pl of SDS containing sample buffer was added to the cell pellet, the suspension was vigorously mixed and incubated at 100 "C for 5 min, and the entire sample was analysed.
Amino acid sequencing was performed by electroblotting 50 pg of crude extract containing the overproduced proteins onto a PVDF membrane as described by Matsudaira (1987) . The bands corresponding to the two ORF-encoded proteins were excised and sequenced by the University of Illinois Biotechnology Center in an Applied Biosystems 470A gas-phase sequenator.
Results
Nucleotide sequence of the hemA to prs region
The nucleotide sequence of the approximately 2 kb segment of the E. coli and S. typhimurium chromosome that lies between the hemA and prs genes is presented in Fig. 1 . Portions of the sequence of this region were previously reported by other investigators; a number of corrections to these published sequences are listed in the legend in Fig. 1 . Inspection of the sequenced region revealed that in both E. coli and S. typhimurium two ORFs are found between the hemA andprs genes (Fig.  2) . The sequence of this region from the two species are very similar: 80 and 84% of the bases are identical for ORFl and ORF2, respectively, and the deduced amino acid sequences are 91 % identical for both ORFs. However, there are two short inserts found in the S. typhimurium sequence that are absent in E. coli (dashed lines in Figs 1 and 2 ). The first of these (102 bp) is found in the leader before ORFl and the second (115 bp) immediately follows the termination codon of ORF2, but precedes the prs gene. This latter insert was previously described by Bower et al. (1988) . Both ORFl and ORF2 are transcribed in a direction opposite of hemA, apparently from the promoter previously suggested by Verkamp & Chelm (1989) , labelled P, in Figs 1 and 2. The promoter sequences are identical in E. coli and S. typhimurium. In E. coli the termination codon for ORFl (UAA) overlaps by one nucleotide with ORF2, whereas in S. typhimurium the stop codon (UGA) overlaps ORF2 by 4 bases, since there is a 3 bp deletion in the S. typhimurium sequence. In S. typhimurium there number 1556. Portions of this sequence previously reported by others are: in E. coli, nucleotides 1 to 175 (Drolet et al., 1989) , nucleotides 1 to 227 (Verkamp & Chelm, 1989) and nucleotides 1 to 1337 (Li et al., 1989) and, nucleotides 1337 to 1848 (Hove-Jensen et al., 1986), and in S. typhimurium, nucleotides 1 to 738 (Elliott, 1989) and nucleotides 1497 to 2060 (Bower et al., 1988) . Corrections to the previously published sequences are as follows. In E. coli, nucleotides 651, 745 and 1179 were deleted (double underlining); had inserted nucleotides at positions 802 and 822 (*); and reported different nucleotides at positions 621-2, and 1274 (bold). In S. typhimurium nucleotide 1741 was deleted (double underlined) and different nucleotides were reported at positions 1498 and 1694-5 (bold). A consequence of the sequencing errors in E. coli is that both ORFl and ORF2 were not detected, and the sequencing errors in S. typhimurium shifted the C-terminal reading frame for ORF2. The E. coli and S. typhimurium nucleotide sequences reported in Fig.  1 it appears that both start codons are used, with the first AUG being chosen 3 times as often as the second. In both species, ORF2 is terminated at a UAA codon, which is immediately followed by the 115 bp insert in S. typhimurium (Figs 1 and 2) .
Overexpression of the proteins encoded by ORFl and ORF2
Plasmids were constructed with one or both of the ORFs from E. coli or S. typhimurium in either pUC18 or pUC 19, so that they would be transcribed from the plasmid-borne lac promoter (Fig. 2) . The plasmids were expressed in S. typhimurium strain SB139 (Bower et al., 1988) , and crude extracts were analysed by electrophoresis on denaturing polyacrylamide gels (Fig. 3) . Both ORF1-and ORF2-encoded proteins, which were predicted to have molecular masses of 23600 and 30 900 Da, respectively, were well overproduced and migrated at their expected molecular masses in extracts of cells bearing the appropriate plasmids (Fig. 3) . Since the oRF2-encoded protein has the Same as the unprocessed form Of B-laCtamaSe, the P-laCtamaSe catalytic activity of all the extracts was determined and found to be essentially constant. Thus, it is very unlikely that the large amount of 31 kDa protein seen in Fig. 3 was p-lactamase instead of the ORF2-encoded protein.
N-terminal sequence analysis proved the identity of the 31 kDa protein as coded by ORF2. Applications of the same procedure to the ORFl-encoded protein did not yield any useful sequence data. Since the proteins encoded by ORFl and ORF2 were detected only by overproduction in cells bearing high-copy plasmids bearing these ORFs, it is possible that these proteins are not actually formed from the chromosomal copy of ORFl and ORF2 in cells lacking plasmids. However, it will be shown in the next section that transcripts encoding ORFl and ORF2 are formed from the chromosomal copy of these genes. Thus, it seems likely that these proteins are actually synthesized from such transcripts, although no doubt at much lower levels than seen in Fig. 3 .
Northern blot analysis of ORFI-, ORF2-and prsencoding transcripts in E. coli
prs-encoding transcripts have been previously mapped (Hove-Jensen et al., 1986) to a promoter (designated P2
in Figs 2 and 4) located within ORF2. ORFl and ORF2 are presumably transcribed from P, (Verkamp & Chelm, 1989) (Fig. 4) . Do transcripts encoding ORFl and ORF2 read through and include the prs gene? Alternatively, are such transcripts terminated before the prs gene? If so, would transcription termination interfere with prs transcription? To investigate these questions, transcripts from E. coli JM83 cells bearing the pDPH13 plasmid, which encodes the E. coli ORF1, ORF2 and prs genes (Fig. 4) , were analysed by Northern blotting. As a control, transcripts from JM83 bearing pUC 18 were also analysed. Radiolabelled single-stranded RNA probes against ORF1, ORF2 and the prs sequences shown in Fig. 4 were prepared and used for hybridization analysis as described in Methods. Fig. 5 shows clearly that the prs-encoding transcripts of the expected lengths (1.3 and 2.7 kb) were found. The relative amounts of these two transcripts was the same in cells grown on minimal and rich medium. Both the 1-3 and 2.7 kb transcripts were also detectable in the same relative amounts in cells that did not contain the pDPH13 plasmid, i.e. which contained only chromosomally encoded transcripts, although they were present at much lower levels. Thus, we do not believe that the production of the less abundant 2.7 kb transcript encoding ORFl and ORF2 is an artifact of using high-copy plasmids to detect it. Excision of the transcript bands and determination of their radioactivity by liquid scintillation counting showed about 95% of the total in the smaller (1.3 kb) species. When ORFl and ORF2 probes were used, both were found to be encoded on the larger (2.7 kb) transcript, as well as smaller bands (1.4 and 1.7 kb), which may be degradation products or premature termination products (Fig. 5) . bla transcripts (1.0 and 1.1 kb) (Sorenson et al., 1989) , from JM83/pUC18 (Fig. 5, lane 7) were readily detectable using a probe to the bla gene (Sorenson et al., 1989) , showing that the control contained abundant hybridizable RNA. bla transcripts were also detectable in JM83/pDPH13 cells (Fig. 5, lane 8) but were much less abundant than with pUC18, presumably because the larger pDPH13 plasmid was maintained at a lower copy number.
Similar Northern blot analysis was performed with S. typhimurium SB139/pDPH3 1, which carried the corresponding region from the S. typhimurium chromosome (Fig. 4) , using an RNA probe derived from the S. typhimurium prs sequence. prs-encoding transcripts were detected just as with E. coli, except that they were of slightly larger sizes, 1.4 and 2.9 kb, as expected from the DNA sequence (data not shown).
Pyrimidine starvation increases transcription at P, only Derepression of PRPP synthetase is observed upon growth of a pyrimidine auxotrophic strain in the presence of orotic acid (White et al., 1971) , so the S. typhimurium strain JL1002 (ApyrA81) (Bower et al., 1988) was grown in the presence of orotic acid on minimal medium. Cells grown under these conditions typically had a 3-to 5-fold higher specific activity of PRPP synthetase than those grown with uracil. It had been suggested earlier that derepression was the result of increased transcription at promoter P, from a plasmid-borne prs gene (HoveJensen, 1985) . Thus, to determine whether derepression resulted from increased transcription from one or both of the promoters identified above, RNA was extracted from starved and uracil-grown cells and analysed on Northern blots. The strain used did not contain plasmid, so only transcription from the chromosome was examined. Pyrimidine starvation clearly increased the amount of prs-encoding transcript from P, (1.4 kb in S. typhimurium) (Fig. 6 ). Excision and counting of the transcript bands showed that these transcripts were 3 times as abundant in starved cells as in uracil-grown cells. The specific activity of PRPP synthetase was 4 times as great in the same pyrimidine-starved cells, and the amount of protein immunochemically cross-reactive with PRPP synthetase on immunoblots was 3 times as abundant as in uracil-grown cells. Thus, pyrimidine starvation causes derepression of PRPP synthetase largely or entirely as a consequence of increased transcription at P,.
Discussion
In this research we sought to clarify the role of an upstream ORF that overlaps the prs promoter in S. typhimurium and E. coli (Bower et al., 1988 ; Hove-Jensen et al., 1986) . While the work was in progress, several laboratories published portions of the sequence upstream of the prs gene and established that prs was separated from hemA by only about 2 kb (Drolet et al., 1989; Elliott, 1989; Li et al., 1989; Verkamp & Chelm, 1989) .
However, the sequence of this region was not fully determined in S. typhimurium and the E. coli sequence contained several errors which obscured the existence of two ORFs upstream of the prs gene. The results of this paper clarify the structure of the hemA to prs region and its transcription in E. coli and S. typhimurium.
Our experiments established clearly that the prs gene is transcribed from two promoters: P,, which yields a tricistronic transcript encoding ORF 1, ORF2, and prs genes, and P,, which yields a monocistronic transcript encoding prs only. The transcripts originating from P, constitute only 5 % or less of the total prs-encoding mRNA under all conditions examined. Since the monocistronic P, transcripts make up 95 % of prs message and P, appears to be the sole site of regulation of prs expression by pyrimidines, it is doubtful that P, transcripts are important in the physiological regulation of PRPP synthetase activity.
Although it has been known for some time that pyrimidine starvation results in a modest (usually 3-to 5-fold) derepression of PRPP synthetase in S. typhimurium (Olszowy & Switzer, 1972; White et al., 1971 ) and E. coli (Hove-Jensen, 1985; Neuhard & Nygaard, 1987) , the present results provide the first direct proof that such derepression results from increased transcription at the P, promoter. The biochemical mechanisms governing pyrimidine regulation of transcription are unknown. No regulatory protein or transcriptional attenuation mechanism involving regulation of the prs gene has yet been identified.
The physiological function of ORFl and ORF2 are unknown, although the failure of attempts to obtain disruption mutations in ORFl (T. Elliott, personal communication) and ORF2 (unpublished results) suggests that they may be essential for cell viability. None of the protein sequences in the databases we searched had sufficient relatedness to the deduced sequence of ORFl to allow us to suggest a possible function for this protein.
A number of proteins known to bind nucleotides were shown to have limited sequence similarity to the deduced sequence of ORF2 in a glycine-rich segment that is often associated with nucleotide binding sites, so it may be speculated that ORF2 encodes a nucleotide-binding enzyme. Overexpression of either or both of the ORFs had no effect on PRPP synthetase levels, so it is unlikely that they act in trans to regulate prs expression. We have observed that the overproduced, plasmid-encoded ORF2 protein is released from E. coli cells by osmotic shock, whereas the ORFl protein is not. The Northern blots in Fig. 5 indicated the presence of at least two other species encoding ORFl and ORF2, besides the intact 2-7 kb tricistronic transcript. The length of these transcripts (1.4 and 1-7 kb) and the fact that they hybridize to both ORFl and ORF2 probes, but not to the prs probe, indicate that they may result from termination or cleavage of the P, transcripts after or at P, but preceding the prs gene. This raises the interesting possibility that they arise from processes, such as attenuation that could be involved in the regulation of prs expression.
